A detailed analysis of the large number of available experimental data for the hydrogen electrode reaction furnishes the information that the catalytic activity of metal electrode is a periodic function of the atomic number within three long periods. The activity increases with successive addition of an electron to the d-orbital and sharply decreases after the completion of the d-orbital with one or two electrons in the s-orbital. The activity is found to have a secondary dependence on the solution composition and the surface state of metals. Of the various properties of metals the work function provides a key for understanding the reaction mechanism. When the activity is plotted against the work function, the family of metals is divided into two groups (d-and sp-metals). Each group of metals exhibits an entirely different behaviour in phenomena related to the hydrogen electrode reaction.
I. Introduction
The hydrogen electrode reaction, 2H + + 2e -= H 2 , is an heterogeneous catalysis where an electrode material acts as catalyst. The electrochemical approach to heterogeneous catalyses provides many advantages in comparison with the usual chemical one. Much emphasis should be given especially to the fact that we can easily apply a wide range of potential to an electrode, so that one can study kinetics even on the very inactive catalyst such as mercury. The hydrogen electrode reaction is the only case in which the kinetics have been observed on most of metals except for alkali and alkali earth metals. Hence, it is a good example in which to see the catalytic action of metals.
The purpose of the present article is to survey the catalytic action of electrode metals for the hydrogen electrode reaction as well as for the electrolytic reduction of organic compounds, and to deduce a common nature in the catalytic action. There will also be discussion of which property of metal is the most important in connection with the hydrogen electrode reaction, of what kind of regularities are found in the electrolytic reduction of organic compounds, and of what kind of electronic distribution is expected at metal surface.
II. Hydrogen electrode reaction II-I Catalytic activity of electrode metals
It is well known that there is a linear relation between hydrogen overvoltage, 7) , and logarithm of current density, i(A/cm 2 ) , called the Tafel line; 7) = a + b log i , ( 1 ) where a and b are constants and 1) IS defined as (2 ) p(e-) and p(e-)rev being the electrochemical potential of electron at working and reversible hydrogen electrodes, respectively. Since the value of b is found around 0.12 V on most of metals!), the constant a may reflect how active the electrode metal is. The larger a is, the less active the electrode is. In the present article, we will take the exchange current density, i o , as a measure of the activity. Extrapolation of Eq. (1) to 7)=0 gives, log io = -alb. He confirmed a periodic variation of the activity with the atomic number of metals and examined relation between the activity and many physical properties. Recently, HEIFETS et al. 3 ) , KUHN et al. 4 ) and TRASATTI 5 ) reviewed the hydrogen electrode reaction on various metals. They also discussed the relation between the value of a or log io and properties such as the potential of zero charge, the work function, the heat of adsorption of hydrogen, etc. In the present article, the previous periodic change of log io was reexamined by using the reported data mainly from 1950 up to 1972. Values of log io chosen were those in acidic solution which does not contain organic additives or the anions such as Br-and 1-. Only one value is taken from each publication for respective metals as KUHN et ai. did 4 ) except single crystal. In the latter case, values of each lattice plane were chosen. When the kind of acids, their concentration, and temperature were varied, the values chosen were those of H 2 S0 4 or HCl and closest to 1 N and 25°C. With respect to the Tafel line with a break, the lower current density region was used for the estimation of log i o • However, in the case where the potential is so close to the reversible or mixed potential that the observed current is taken to be affected by the reverse reaction of the hydrogen electrode reaction or other anodic reaction, the higher current density region was used. On the metals after IIB in the periodic table, the Tafel line often appears after a potential ju~p at a certain current density. In such cases, the Tafel line at higher current densities after the potential jump was used. At lower current densities, the Tafel line does not hold in many cases. In general, one can say that the value of log io was estimated from the Tafel line around 1 mA/cm 2 , except for Pt, Pd (larger than 1 mA/cm 2 ) and W (smaller). Though pre-electrolysis has been conducted in most cases, it was not taken as a strict criteria for the selection of data; it is of primary importance to find a general trend in the behaviour of log io by using all data available. Figure 1 shows the plot of log io values on various metals*) against the atomic number of the electrode metals. In Fig. 1 , the symbol x represents the mean value of log io on each metal (Table 1) and is connected by lines each other. Dotted lines indicate uncertain trend because of a single or no value of log io or the possibility of the molecular hydride formation instead of the hydrogen evolution reaction. Figure 1 shows a periodic change of log io with the atomic number of the electrode metal as discussed earlier2). However, an abnormal behaviour becomes clear in the first long period. The log io value on Mn is expected to be exceptionally small**). It is of interest to remind that a similar "cut-in" * See appendix. ** HURLEN and V ALAND6) studied the cathodic and anodic polarizations on Mn in O.02M HCI+O.98 KCI solution. Mn is very much corrosive and the diffusion of H+ controls the corrosion potential (-1.232 volt). The observed cathodic Tafel line gives -12.8 for log io which is extremely small. This value, however, was not included in Fig. 1 , since they concluded the discharge of water molecule. KUHN et aU) quoted a value of -7.8 for log io on Mn.
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" l e, ., at Mn IS observed for the melting point of metals. The melting point of T e in the second long period shows also a cut-in but log io value is relatively large though only one value is available.
11-2 Factors which determine the activity
The above periodic behaviour of the activity indicates that the factor of primary importance in determination of the activity is closely related to the electronic configuration of the element. Solution composition and surface state of the metal have only a secondary effect on the activity 2 Other properties which should be taken into consideration are the work function of metal and the heat of adsorption of hydrogen. Since a metal electron takes part in the reaction, giving an hydrogen intermediate, the ease of releasing an electron from metal and the affinity of the metal sur-face towards hydrogen may affect the activity. Thus, the mean value of log io is plotted against the work function and heat of adsorption of hydrogen. Examples are shown in Figs. 2 and 3. The similar plot is shown in Fig. 3 where the values of work function were those of EAsTMAN 8 ) observed by the plotoe1ectric method on the polycrystalline films of the transition metals and those used in HEINE and HODGES' paper 9 ) for the non-transition metals. Two linear lines in Fig. 3 were obtained by the least square method.
In both figures, the family of metals is divided into two groups as discussed previously2.10). However, the quantitative relation between log io and the work function largely depends on values of the work function. In fact, when log io on the non-transition metals is plotted against the work function of MICHAELSON ll ) or BOND!2), log io appears independent of the work function as one of the present authors conc1uded 2 ).
The same grouping of metals is obtained 2 ) when log io is plotted against the heat of adsorption of hydrogen calculated by ELEy-STEVENSON'S equation
. From these results, the following conclusion is drawn; "A plot of log io with work function or heat of adsorption of hydrogen divides the family of metals into two groups."
(iii)
Three relations described above, (i) to (iii), should be finally understood in connection with the electronic configuration of elements, but a question arises as to which property among the three relations is most important.
11-3 Experimental results bearing on the relations, (i) to (iii)
Let us examine other experimental results on the hydrogen electrode reaction. Figure 4 2 ) shows experimental data on the separation' factor of various electrode metals. It will be seen that the separation factor on the transition and IB metals are relatively large and those on metals after lIB are relatively small. Metals are divided into two groups. Figure 5 illustrates the effect of solution pH on the hydrogen overvoltage at 1 mA/cm 2 on various metals 14 ).
We will see from this figure that the hydrogen overvoltage on the transition and I B metals is higher in alkaline than in acidic solution, while that on metals after lIB is lower in alkaline
Electrocatalysis by d-and sp-Metals
IOf--26 Effect of surface-active substances on the hydrogen overvoltage at a constant current density is also different between these two groups of metals. Table 2 shows the effect of rand (C4Hg)4N+ surface-active ions for several metals 1S -24 ). r ion increases the hydrogen overvoltage on Fe, Co, Ni, Cu, Zr, and Ag, while decreases on Zn, Ga (liq.), Hg, and Pb, though a few exceptional cases are reported on Cr His conclusion may be extended by taking into account the facts of Table 2 as follows. The hydrogen overvoltage of the transition and IB metals generally increases by the presence of any types of surface-active substances, while that of metals after II B decreases or increases depending on the charge of surface-active substances. The effect of surface-active substances is thus different between the two groups of metals. Comparison of the above experimental results with the relation, (i) to (iii), leads to the following conclusion;
"One of the factors of primary importance in determination of the catalytic activity is the work function or the heat of adsorption of hydrogen." (iv)
The work function and heat of adsorption are semi-empirically interrelated by Eley-Stevenson's relation and hence are not independent each other. It may be noted qualitatively from the electron configuration of outer shells of the elements included in Fig. 1 that the activity in each long period increases first with the increase of the d-electron, reaches a maximum at nearly filled d-orbital, decreases quite sharply after its completion, with one or two electrons in the s-orbital, and then increases again with further addition of electrons to the p-orbital. In the following discussion, we denote the transition metals including IB metals by "d-metals" and the metals following them in the periodic table by "sp-metals". The words of d-and sp-types of metals have been proposed by DOWDEN 28 ) in connection with chemisorption phenomena of gases.
11-4 Reaction mechanism
Grouping of metals into two groups indicates that the reaction mechanisms of the hydrogen electrode reaction is different between these groups of metals. HORIUTI and OKAMOTd 9 ) first found two groups of electrode metals which give the value of ca. 7 or 3 for the deuterium separation factor and proposed the catalytic mechanism,
H++e-~H(a); 2H(a)!tH2 (4) for the metals of high separation factor and the electrochemical mechanism, 2H++e-~H;(a); H;(a)+e-ItH 2
for the metals of low value, where H(a) and H; (a) denote the adsorbed hydrogen atom and hydrogen molecule ion, and It the rate-determining step, respectively. One of the present authors explained qualitatively his results for log io vs. the work function plots 2 ), assuming the catalytic and electrochemical mechanisms for the d-and sp-metals.
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H. KITA and T. KURISU The point which should be stressed here is that the reaction intermediate on the d-metals is the neutral adsorbed hydrogen atom, H (a), and that on the sp-metals is the charged hydrogen molecule ion, H; (a). Presence of H; (a) has not being confirmed experimentally yet. Even if we would stand on so-called "slow discharge mechanism", the activated complex of the rate-determining step will be charged. Hence, so far as a charge is concerned, one could characterize the rate-determining step of the d-and sp-metals as being non-charged and charged, respectively.
III. Electrolytic reduction of organic compounds
Electrolytic reduction of organic compounds in aqueous solution is the electrolytic hydrogenation reaction, where the source of hydrogen is a proton in the solution and an electron in the metal. Hence, a close relation might be expected between the electrolytic reduction of organic compounds and hydrogen electrode reaction.
Previous works reported on the electrolytic reduction have been mainly concerned with synthesis of organic compounds and less attention has been paid to its kinetics. Thus, it makes the comparison difficult of the catalytic action of each metal in terms of the activity as in the case of the hydrogen electrode reaction. Since many organic compounds have a variety of functional groups to be reduced and generally have many steps of partial reduction, it will be of interest to see what group of and to what degree each metal electrode reduces organic compounds. ANTROPOV has already pointed oue 7 ) that the metals which adsorb or do not adsorb hydrogen, behave in a different way in the electrolytic reduction of organic compounds. We will summarize the reported results below. Table 3 27 ,30-35) lists which metals are good or poor catalyst for the electrolytic reduction of ketone and aldehyde. It is seen from the table that each organic compound of the type RR'CO is well reduced on metals of the sp-metals and hardly reduced on those of the d-metals. The carbonyl group of carboxylic acid and esters is also reduced on metals such as Hg and Pb (e. g. (COOH)/7), X-C 6 H c COOH36)).
111-1 Electrolytic reduction of carbonyl group
Electrolytic reduction of acetone might be a typical example to see the current efficiency and the product distribution. Reported results 37 -39 ) are summarized in Table 4 such as Cu and Ni. In the latter case, most of electricity is exhausted in the production of hydrogen molecule. An interesting example from the point of view of stereochemistry is the electrolytic reduction of 2, 4-dimethylcyclohexanone to alcohoI 40 ).
Copper electrode of the d-metals produces cis-2,4-dimethylcyclohexanol, while Hg and Pb electrodes of the sp-metals produce trans-isomer. Such a difference 211 212 H. KITA and T. KURISU clearly suggests that the reaction mechanism is different between these two groups of metals.
llI-2 Electrolytic reduction of unsaturated bond
According to ANTRopov27), the triple or double bond In organic compounds such as HC==CR (R; H-, CH2=CH-), R-COOH(R; CH 3 CH= CH-, CH 3 CH = CHCH = CH-, CH3(CH2)7CH = CH(CH 2 )d, and phenol, is reduced on metals which adsorb hydrogen well and is hardly reduced on metals which do not adsorb hydrogen well. Partial reduction of alkynes to olefins takes place on Ni, Cu and Ag. Cathodic reduction of dialkyl acetylenes (e.g. CH3CH2CH2·C==C·CH2CH2CH3) and diphenylacetylene (iP·C==C-iP) on a spongy Ni cathode in alcoholic H 2 S0 4 solution gives exclusively cis-olefin but no reduction was observed at Cd, Pb or amalgamated Pb electrodes'l). From these facts, a general conclusion will be made that the d-metals are good catalyst and the sp-metals are poor catalyst in the electrolytic reduction of unsaturated bond. This tendency is the reverse to the case of the electrolytic reduction of the carbonyl group.
Reduction of the triple to double bond provides the possibility of cis-or trans-addition of hydrogen. The above examples of dialkyl-and diphenylacetylenes show the formation of cis-isomer on Ni. In solutions which contain alkali metal ion, dialkylacetylenes are reported to be reduced to olefin on Hg42l. The products in this case, however, are the trans-olefin (>92% in all cases studied). Similar selectivity is found in the electrolytic reduction of 2-butyne-l,4-diol in KOH solution 43 ). Cis-addition selectively takes place on the d-metals studied, i. e., Ag, Cu, Ni, Co, Pt, Fe, and Pd, and trans-addition, though its rate is low, takes place on the sp-metals of Pb, Sn, Cd, Hg (Cu amalgam) and Zn. An interesting example is the electrolytic reduction of dimethyl maleic and fumaric acids on Hg in HCl-KCl buffer solution (pH= 1.9)44). The product from maleic acid is the racemic form of a, a'-dimethylsuccinic acid and that from fumaric acid is the meso dimethyl maleic acid
Electrocatalysis by d-and sp-Metals form. These results directly prove the trans-addition of hydrogen on Hg.
Thus, the formation of cis-and trans-isomer seems to be characteristic for the d-and sp-metals, respectively. Trans-isomer formation on the spmetals may include a possibility that the electrolytic reduction does not take place via direct reduction at the electrode but instead by alkali metal formed in situ.
111-3 Selectivity in the electrolytic reduction of organic compounds
From the results of III-1 and III-2, we extend the conclusion of ANTRopov 2 7) and PETRENK0 (5 ) 
as follows; "Electrodes of the sp-metals reduce selectively polar bonds and electrodes of the d-metals reduce selectively non-polar bonds." (v)
The above conclusion will be confirmed by data from the· electrolytic reduction of a molecule which contains both polar and non-polar groups to be reduced. An example is the electrolytic reduction of CH 2 =CHC==N. Iron of the d-metals (O.7N NaOH) yields CH 3 CH 2 C==N with a current efficiency of 61.8% (6) , whereas Pb of the sp-metals (H 2 S0 4 acidic methanolic solution) yields CH 2 =CHCH 2 NH 2 with a current efficiency of 55% and byproduct of CH 3 CH 2 CH 2 NH 2 with a current efficiency of 13%47). Recently, it is shown that electrolytic reduction of (3, r -unsaturated ketone, 2, 2, 5, 5-tetra methyl-3-methylene cyclohexanone, gives the corresponding unsaturated alcohol on Hg(8).
Electrolytic reduction of 2-cyclohexene-1-one in 1 N H 2 S04 aqueous solution gives cyclohexane-1-one on Pt but not on Hg (9 ) .
IV. Discussion
We see that the behaviour of each group of metals is distinctly different both in the hydrogen electrode reaction and in the electrolytic reduction of organic compounds as stated in II and III. The intermediate in the hydrogen electrode reaction is suggested to be the neutral H(a) on the d-metal and the charged H~t (a) on the sp-metals. In the electrolytic reduction of organic compounds, electrodes of the d-metals reduce selectively non-polar unsaturated bonds and those of the sp-metals reduce selectively 213 
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H. KITA and T. KURISU polar groups such as )C=O or -C=N. Hence, so far as an electricity is concerned, there is a similarity between these two reactions.
From the analogy that a polar solvent dissolves a polar solute and a non-polar solvent dissolves a non-polar solute, the above facts lead to the following suggestion on the nature of the electrode surface; "Electronic distribution at the metal surface may be rather homogeneous for the d-metal and may be rather heterogeneous or localized for the sp-metal, since the non-polar processes take place on the d-metal and the polar processes take place on the sp-metal". This suggestion has been discussed in detail by O. JOHNSON 50 ) from the view of his theory of "an interstitial electron model for metals"51). Table 5 indicates the deviation in th lattice from the ideal ones; each figure gives the deviation of the ratio of colao from unity in the cases of I.c.c., b.c.c., rhombic, and b.c. tet., the deviation of (co/ao)/1.63 from unity in the case of h.c.p., and the deviation of angle/gO from unity in the case of rhombohedral, respectively. Co and ao are lattice constants. The sp-metals show a large deviation in contrast to the d-metals except for Al and Pb. Thus, it may be expected that the ion core of these sp-metals deforms from the spherical one and hence that the electronic distribution will not be isotropic. According to JOHNSON'S theory, the sp-metals are characterized On the other hand, most of the d-metals may have spherical ion cores which extend symmetrical positive field. Electronic distribution on the surface is much smoothened and rather homogeneous 50 ) at the d-metals. In section III, the present authors stated a general tendency in electrolytic reduction of organic compounds. To know details of the electrolytic reduction, one will be required to examine many other factors such as effects of solution composition, electrolysis condition, a neighbouring group next to the one to be reduced, etc. An attempt has been reported to find the relation between the rate constant and the polarization or hindrance factor of neighbouring alkyl group in the electrolytic reduction of RR'C0 30 ).
Electrolytic reduction of nitrobenzene has been studied from the beginning of this century. Products vary widely depending on the electrode metal, solution composition, and electrolysis conditions. Establishement of the effect of secondary factors on the catalysis will further make it possible to predict the selectivity in more detailed level. Finally, it will be worth while to mention possible routes in electrolytic reduction of organic compounds. They can be via; (a) formation of organic radical after electron transfer, (b) intermediates of the hydrogen electrode reaction, H(a) or H; (a), (c) formation 52 ) of metal hydride on the sp-metals, (d) formation 53 ) of alkali metal on the electrode surface in alkaline solution, and· (e) formation of organo-metallic compounds. As stated above, kinetics have not been given much attention In the electrolytic reduction of organic compounds. Any mechanistic knowledge may feed back useful information to the elucidation of the mechanism of the hydrogen electrode reaction.
APPENDIX
The following table shows the summary of the kinetic parameters of the hydrogen electrode reaction on various metals in acidic solutions which do not contain organic or surface active substances. The data chosen are those reported mainly from 1950. Meanings of the superffixes in the Table, t, values quoted in Fig. 1 Soaked in chromic+sulfuric acid Small mixture for 24hr, 0.5M HCl 10 mA/cm 2 , 25±0. 
